A B S T R A C T Selected bacteroides species secreted various amounts of protease and glycosidase into their growth medium. Bacteroides vulgatus, distasonis, and ovatus secreted the most (31-60% of total). The secreted protease was similar in action to the protease within the organism, in that it had a broad pH optimum of 6-9, a Km app. for casein of 0.1 ,uM, and was inhibited by benzamidine, phenylmethylsulfonyl fluoride, diisopropylfluorophosphate (DIFP), and by an elastase inhibitor, Ac(Ala)3AlaCH2Cl.
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Exposure of human brush border preparations to the secreted protease reduced maltase and sucrase activities; the reduction could be prevented by DIFP. In contrast, brush border alkaline phosphatase activity either did not change or increased after exposure to bacterial secretions. >90% inhibition of secreted glycosidase using EDTA and p-chloromercuribenzoic acid did not prevent the reduction of brush border maltase and sucrase activity, suggesting that glucosidases were not likely to be involved in the destruction of brush border enzymes. Moreover, the bacterial proteases caused only a small net release of active maltase or sucrase from the brush border. Most of the loss of activity was due to destruction of the enzyme. Proximal bowel fluid of three patients with overgrowth contained DIFP-inhibitable protease that destroyed sucrase in isolated brush borders. A Bacteroides species was isolated from each sample that secreted protease and destroyed brush border sucrase. We conclude that in bacterial overgrowth syndromes, brush border damage may occur from protease(s) secreted by Bacteroides.
INTRODUCTION
When bacterial overgrowth occurs in the small intestine, alterations in absorptive function occur. Most commonly these include steatorrhea and vitamin B12 Dr. Riepe's present address is Emory Butler School of Medicine, Thomas I Glenn Memorial Building, Atlanta, Ga. 30303. 314 malabsorption. In animals, alterations of the mucosal surface membrane have been well documented (1) (2) (3) (4) (5) . These include morphologic as well as enzymatic changes. Variations in the levels of brush border hydrolases in rats-e.g., sucrase, maltase, lactase, and alkaline phosphatase-have been evaluated most extensively (1, 2, 4, 5) . Similar changes have been demonstrated in human bacterial overgrowth syndromes (6, 7) . Several hypotheses explain the mechanism of the bowel mucosal damage, such as direct damage by bacteria (1) (2) (3) (4) or their secreted products, or changes in the luminal environment-e.g., effects of secondary bile acids (deoxycholic) with inhibition or solubilization of surface enzymes (8) (9) (10) .
Bacteria are known to produce multiple exoenzymes (11) (12) (13) (14) (15) (16) (17) (18) or secretory products, among which are proteases, glycosidases, and phospholipases. Certain proteases have the ability to solubilize or destroy the brush border disaccharidases. Papain, elastase, trypsin, and chymotrypsin all have been shown to be capable of altering certain disaccharidase and alkaline phosphatase activities in brush border preparations (19) (20) (21) . Some of these proteases may be involved in maintaining normal levels of disaccharidases in the human (22) .
Recently Jonas et al. (1, 4) studied the pathogenesis of mucosal injury in the experimental blind loop syndrome in rats. They found that sonicated extracts of some bacteria cultured from the blind loops possess protease(s) that released, but did not destroy, brush border maltase activity. Moreover, this releasing activity was partially inhibited by protease inhibitors. These authors concluded that proteases produced by bacteria may play a role in the etiology of disaccharidase deficiency in bacterial overgrowth. Prizont (23) has recently described findings that suggest that sugars of small intestinal mucins are degraded by enzymes present in blind loop contents of rats. Therefore, some evidence exists in rats that products of bacterial growth modify macromolecules at the intestinal cell surface.
Our results demonstrate that secreted protease derived from various Bacteroides species is capable of markedly decreasing human brush border sucrase and maltase. We propose that this protease is important in altering the surface membrane of the mucosal cell in the blind loop syndrome in humans. METHODS Bacteria. The bacteria used were obtained from human cliniical isolates. Initial studies were performed with organismiis obtained from abdominal or pulmonary abscesses. Later studies were performed on samples obtained from three patients with bacterial overgrowth syndrome complicating systemic sclerosis.
Small intestinal fluid was collected from the duodenum of patients aged 48, 52. and 57, all of whom had megaduodenum with diarrhea and steatorrhea. In all cases, broa(l spectrum antibiotics markedly reduced the symptoms. Total organisms numbered >109/ml in each case. Anaerobic microorganisms, predominantly Bacteroides species, were cultured from the duodenal fluid in each case, and the one Bacteroides species that predominated in each sample was subcultured. Fluid was collected over a 2-h period through a Crosby capsule that had been sterilized and from which the cutting blade and spring had been removed. Isolation and identification were performed for anaerobes by the method outlined in the Virginia Polytechnical Institute Anaerobic Bacteria Manual. The pure bacterial cultures were initially transferred to and grown in thioglycollate broth with vitamin K and bovine hemin without indicator (obtained from Remel Laboratories, Kansas City, Mo.). The cultures were grown in a 5% CO2, 10% H2, 85% N2 atmosphere in an anaerobe glove tent.
To obviate the need for separation of the secreted enzymes from the growth medium, and to decrease the amount of substances that would interfere in the protease assay, a defined medium was used for subculturing. This medium was nmodified from the minimal medium of Blackburn (12) , and satisfied the known basic growth requirements for bacteroides species (24) , including vitamin B12 and vitamin K. To ensure that bacterial cellular autolysis or disruptioll was not accounting for the release of protease into the supernatant fraction, two methods were utilized. First, alkaline phosphatase, knowni to have significanit intracellular activity, was measured by the method of Bessey et al. (25) in the sonicated pellet and in the cell-free supernatant fraction in 96-h-old cultures. Second, DNA contenit was meeasured by the method of Burton (26) in the sonicated bacterial pellet and the cell-free superncatanit fraction, also from 96-h cultures.
Protease activity. Lyophilizedl cell-free superniatanit fractions and sonicated cells were routinlely assayed for protease activity using a modified caseinolytic assay. Caseini (Pelntex, Miles Laboratories Inc., Elkhart, Ind.) was labeled with 1251 (New England Nuclear, Boston, Mass.) by the methocl of Hunter and Greenwood (27) . 1% labeled casein (300,000 cpm) was incubated with bacterial supernatanit fractioni containing protease activity (equivalent to -10 ,Ag of trypsill) for up to 60 min in 200 mM NaPO4, pH 7.6, at 37°C. This reaction was terminated by addition of 10% TCA (final concentration). Protease-dependent hydrolysis of about 6% of the added casein occurred in 60 min. Soluble counts were meatsured in a Beckman gamma counter (model 4000) (Beckman Instruments Inc.). Proteolytic activity was linear with adlditions of protease up to 200 ,ug e(quivalent of trypsin, ancd was linear for up to 60 min of incubation. Protease was stable when frozen, but repeated freezinig and thawing greatly diminished proteolysis. The pH optimum was evaluated with tris-maleate buffer adjusted over a range of pH from 5.5 to 9.0. Proteolysis, as defined by the iodinated casein assay, corresponded to hydrolysis of the protein and not to deiodination alone. After incubation of the labeled casein with bacterial extract for periods up to 60 min, the mixture was precipitated with TCA and the supernate either treated with H202 and extracted with chloroform or counted as was. Few counts were removed from the TCA supernatant fraction by treatment designed to extract 12. Moreover, thinlayer chromatography of the neutralized TCA precipitate onl Silica Gel G (acetone, 65:n-butanol, 20:NH3, 10:water, 5) revealed no counts with an Rf of free iodine. Finally, the use of unlabeled casein as substrate in selected assays paralleled the results obtained with the labeled substrate, but the former assay was considerably less sensitive and require(d larger aliquots of supernatant fluid. For this reason, the 1251 method was used.
Standard curves using trypsin as the enzyme were performed with each bacterial assay, and the amount of bacterial protease activity was compared with that of trypsin. Routinely, the equivalent of 10 Ag of trypsin in the caseinolytic assay was used for in vitro incubations with brush borders.
To demonstrate the type of protease activity, various protease inhibitors were used to block the hydrolysis of casein. These inhibitors were diisopropylfluorophosphate (DIFP)', phenylmethylsulfonyl fluoride, benzamidine, iodoacetate, p-chloromercuribenzoic acid (PCMB), Na-tosyl-Llysine-chloromethane HCl (TLCK), and L-1-tosyl-amino-2-phenyl ethylchloromethyl-ketone (TPCK) (all from Sigma Chemical Co., St. Louis, Mo.). Ac(Ala)3AIaCH2CI was obtained from Dr. J. Powers, School of Chemistry, Georgia Institute of Technology, Atlanta, Ga. Inhibitor concentration rainges varied from 100 mM to 1 ,uM. Preincubation for 10 min of bacterial filtrate with the inhibitors was necessary to demonstrate optimum inhibition. Trypsin, chymotryp-sin, and elastase were purchased from Worthington Biochemical Corp., Freehold, N. J.
Brush border studies. Small strips of fresh human intestinal mucosa were obtained at the time ofjejunoileal bypass operations for obesity, according to a protocol approved by the Committee on Human Experimentation at Washington University. An enriched microvillus membrane (brush border) was prepared from human fresh-frozen small intestinal scrapings according to the method of Welsh et al. (28) . Brush border preparations were then adjusted to a protein concentration of 1 mg/ml and stored frozen until needed. To test the effect of the bacterial extracts containing secreted enzymes, brush borders were incubated with the extracts at 37°C. Ratios of brush border to extract protein were 1:3. However, the protease equivalent of only 10 ,ug of trypsin was used in each assay for 0.5 mg of brush border protein. Thus, the ratio of brush border protein to protease, estimated as trypsin equivalents, was 50:1.
For some experiments, the disaccharidases were first released from the brush border by treatment with insolubilized papain (Sigma Chemical Co.). 1 mg of brush border protein was incubated with 0.6 mg of papain and 5 mM cysteine for 1 h at 37°C; the reaction was stopped by the addition of 5 mM p-chloromercuribenzoate, and the papain removed by centrifuigation. The solubilized disaccharidases equivalent to 0.5 mg ofbrush border proteins were then used for each subsequent incubation. Incubation with bacterial extracts was performed in 200 mM Na2HPO4 buffer (pH 7.6) in the presence and absence of the inhibitor. As a control experiment, the bacterial supernatant fraction was boiled for 10 min before its addition to the incubation mixture. When inhibitors were tested, they were added to the bacterial extracts 10 min before the brush borders. After incubation for 60 min, each tube was centrifuged at 105,000 g for 20 min. The pellet was resuspended and washed twice with 0.2 M Na2HPO4 buffer, and the disaccharidases and alkaline phosphatase activities were assayed by the method of Dahlqvist (29) and Bessey (25) , respectively. Bacterial glycosidases were assayed using nitrophenyl substrates, as described previously (30) .
RESULTS
Secretion of proteases. Growth of the various bacteroides species was less complete in minimal medium than in Thioglycollate; the species reached a maximal concentration of 106 colony-forming units/ml in the minimal medium, vs. 108-109 in the enriched medium (Fig. 1) . Moreover, release of protease was dependent on the medium used and on time. No secreted protease could be detected in Thioglycollate-grown Bacteroides cultures, even when the medium was dialyzed first to remove small molecular weight inhibitors of the caseinolytic assay. Only after the organisms reached a stationary phase of growth in the minimal defined media did protease activity appear in the cell-free medium (Fig. 1) . During culture in the defined medium, intracellular proteolytic activity per cell remained constant.
By 96 h, there were many active carbohydrases in the cell-free medium (Table I) . a-Glycosidase was the most active enzyme, but neither 3-fucosidase nor a-mannosidase was detected. In the presence of EDTA (5 mM) and PCMB (1 mM thetaiotamicron were inoculated into minimal medium or thioglycollate broth and incubated anaerobically as described in Methods. Individual tubes of cultured bacteria were removed at designated times and assayed for colony-forming units and for protease activity, the latter assay performed on the cell-free supernate obtained after centrifugation. In thioglycollate the protease assay was performed before and after dialysis for up to 8 h without detection of proteolysis. About 30,000 cpm/ml of 125I-casein were used per assay and hydrolysis proceeded in 30 min to the extent of 2-5%. The data represent the mean of triplicate assays.
activity could be inhibited although proteolysis was unaffected. For subsequent incubation with brush borders, which contain a-glucosidase and f8-galactosidase not inhibited by EDTA or PCMB, these inhibitors were added.
Because many enzymes were found in the cell-free supernate after culture, we next determined that this was the result not of cell lysis, but of enzyme secretion, as reported previously for the protease from B. amylophilus (12, 13) . First, no alkaline phosphatase was found in the medium at any time up to 96 h after culture. Moreover, only 1.9% of the total bacterial DNA was To characterize the proteolysis further, the cell-free supernatant fractions were concentrated 10-fold by dialysis and lyophilization. This operation increased the stability of the enzyme and allowed determinations to be made with short assay times (<30 min). Furthermore, because the growth of organisms did not exceed 106-107/ml in culture, a 10-fold increase in activity would be consistent with protease that might be secreted from 109-1010 organisms found in the blind loop syndrome (7, (31) (32) (33) (34) . Proteolysis in the concentrated form did not increase after removal by dialysis of the concentrated salt resulting from lyophilization. Therefore, in most ofthe experiments described below, lyophilization was not followed by dialysis. Moreover, an additional control was performed by adding 10-fold 
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Bacteroides were cultured in minimal medium for 96 h, and the cell-free supernatant fraction assayed as described in
Methods. In addition, the bacteria from which the supernatant fraction was derived were sonicated in 0.2 M Na2HPO4 buffer, pH 7.6, and assayed for protease activity. The total activity was the sum of the cellular and cell-free activity. The data represent the mean+1 SEM for four separate determinations. Melaninogenicus species was obtained from lung abscess. All other species were cultured originally from abdominal abscesses.
more concentrated medium to the protease assay. No effect on the activity was noted by the added salts. Characterization of proteases. The pH optimum for the secreted protease was broad, with peak activity seen between pH 6.0 and 9.0. Two minor peaks of activity were observed at pH 6.5 and 8.0. Incubations were subsequently carried out at an intermediate pH of 7.6 . This pH was chosen because it permitted comparison of activity with that of trypsin and chymotrypsin. Results similar to those reported below were obtained at pH 6.5. It is not clear whether the pH curve represents more than one separate protease or one with variable activity.
The Km for hydrolysis of casein by the secreted protease was 0.1 ,uM. Boiling the cell-free supernate for 10 min destroyed the protease activity. Serine protease inhibitors were variably effective (Table III) . Benzamidine was inhibitory at 10 mM but not maximally effective until 100 mM. Phenylmethylsulfonyl fluoride was most effective at 1 mM, but inhibited the various proteases by only 25-60%. It is interesting that B. thetaiotonticron protease was the least susceptible to either inhibitor, and B. melaninogenicus protease was the most sensitive. DIFP at 0.1 m M prevented all enzyme activity. lodoacetate (10 mM) was without effect.
Since the bacteroides protease appeared to be a serine protease, various chloromethylketone inhibitors were tested. Neither TPCK nor TLCK inhibited the protease activity > 15%, although the concentrations used prevented trypsin and chymotrypsin activity (Table III) . Ac(Ala)3AlaCH2Cl, an elastase inhibitor, decreased activity in all the species tested, however.
Once again, protease from B. inelaninogenicus was most susceptible to inhibition.
Effect of bacterial proteases otn human brush borders. The concentrated cell-free supernatant fractions containing protease were incubated with isolated human brush borders. Loss of activity began immediately after addition of the protease source, and the loss of activity was linear for 75 min, when the ratio of protease to brush border protein was 10 ug (trypsin equivalent):0.5 mg (Fig. 2) . Both sucrase and maltase activity were decreased in brush borders by about 60% after 60 min of incubation. Because the 1 h point was still on the linear portion of the curve, it was chosen for further experiments. In some instances, activity was also measured after 30 min of incubation. Soluble maltase was detected during the 1st h of incubation, but reached only a level of 13% of total activity. This level persisted during the 1st h of incubation, after which no soluble activity could be detected. Table IV demonstrates that significant prevention of sucrase and maltase destruction by DIFP was found using proteases secreted by four of the Bacteroides species. Alkaline phosphatase activity by contrast was unchanged or in- The bacteroides were grown in minimal medium for 96 h and the cell-free supernatant fraction (after concentration) was assayed with benzamidine (100 mM), phenylmethylsulfonyl fluoride (1 mM), DIFP (0.1 mM), TPCK (0.3 mM), TLCK (0.3 mM), and Ac(Ala)3AlaCH2Cl (0.1 mM). Control activity without inhibitors (100%) rangecl from 380-630 cpm above background with a background of 50-60 cpm. The peptide chloromethyl ketone inhibitor was solubilized in methanol at a final concentration of 5%. The appropriate control had a similar concentration of methanol. Preincubation for 10 min was performed at pH 6.5 as previously described (31), before adjusting the pH to 7.6. Incubation was performed for 30 min at pH 7.6. The data represent the mean of three separate determinations. The supernatant fractions from C. perfingens, microaerophilic streptococci, lactobacillus, E. coli, Klebsiella, and P. vulgaris were added to human brush borders for up to 2 h with no loss of either sucrase or maltase activity. Furthermore, growth medium taken from Bacteroides strains during the first 48 h of subculture decreased maltase and sucrase activity only 8-13% after 1 h of incubation (Fig. 2) . Thus, culture periods characterized by little secretion of protease ( Fig. 1) corresponded to little loss of brush border disaccharidase activity.
The above experiments examined enzyme activity remaining attached to the brush border. After exposure for up to 1 h to the bacterial protease, not >2% of the enzyme activity lost from the brush border could be recovered in the supernatant fraction (Fig. 2) . In this experiment, EDTA and PCMB were added (Table I) to inactivate bacterial glycosidases and to allow detection of solubilized brush border glycosidases. Thus, proteolysis could remove the enzymes from the brush border, but rapid destruction would seem to follow the solubilization. To test this hypothesis, a direct effect of the protease was measured by observing the effect of the secreted proteases on brush border enzymes previously solubilized with 1% Triton X-100. Over 50% of the solubilized maltase and sucrase ac- Purified human brush border was added (500-,ug protein) to protease from Bacteroides species (10-gg trypsin equivalent) in a final incubation volume of 0.5 ml at pH 7.5. DIFP was used at a concentration of 0.1 mM. After incubation for 60 min, the brush borders were recovered and washed as described in Fig. 2 . Aliquots of 20 ul were removed for sucrase, maltase, and alkaline phosphatase assays. The data shown represent the mean of six separate experiments. Control brush border enzyme activity represents 0.4-0.7 OD at 420 ,um.
tivity was lost within 1 h. Thus, the sensitivity of solubilized brush border enzymes was comparable to that of the membrane-bound glycosidases.
Since glycosidases were secreted in large amounts by Bacteroides species (Table I) it was possible that they exerted some effect of the brush border enzyme activity. Inhibition of the glycosidase activity had no effect on the loss of brush border sucrase or maltase produced by the bacteroides supernatant fraction, however.
The effect of the bacterial protease on the brush border enzymes showed specificity in that it did not inhibit alkaline phosphatase or trehelase activity (latter not shown). In addition, the action of the bacterial protease was noted at a concentration much lower than that for the intraluminal pancreatic endoproteases. Addition of trypsin, chymotrypsin, or elastase at 50 times the proteolytic activity of the bacterial supernatant fraction did not cause loss of maltase from the brush border (Fig. 3) . In this experiment, the pancreatic protease:brush border protein ratio was 1:1, less than needed for alteration of brush border enzyme levels in vitro (21) .
Effect of bacterial proteases produced in vivo on human brush borders. The data reported above suggested that in vivo Bacteroides strains might produce a protease that could destroy brush border enzymes. Three patients with stagnant loop syndrome were intubated, and small bowel fluid obtained from the area of stagnation (duodenum). Proteolytic activity against brush border sucrase was examined in both the original intestinal fluid and the bacterial medium obtained from the major Bacteroides species that grew from such fluid (Table V) . In each experiment, sucrase activity was lost (48-72% in 1 h). Moreover, this loss of sucrase activity was prevented by DIFP and nearly so by the inhibitor of elastase activity, Ac(Ala)3CH2Cl.
The proteolytic activity of the small bowel fluid was comparable in effect and specificity to that studied from organisms derived from other clinical sources of infection. Disaccharidase levels were measured in a small bowel biopsy taken via a Carey capsule on a separate occasion (within 1 wk) of the intestinal fluid collection. The mean activity (±1 SEM) Fresh duodenal aspirates were assayed for protease activity as described in Methods. The duodenal fluid was centrifuged at 20,000 g for 30 min and the resulting supernates (which was cell-free) in aliquots equivalent to 10 ,ug of trypsin activity were added to 0.5 mg of brush border protein in the presence or absence of protease inhibitors. Incubation was carried out for 1 h at 37°C. The aspirates were also cultured immediately, and the Bacteroides species recovered was subcultured as described in Methods. The medium from such cultures after 72 h of growth was used for the second group of experiments. Protease activity again equivalent to 10 ,ug of trypsin activity was added to 0.5 mg of brush border proteins and incubated for 1 h at 37°C. Brush borders were recovered by centrifugation ( Fig. 3 ) and sucrase activity was determined in the particulate fraction. The data represent the mean ofthree separate determinations. Inhibitors were added as described in Table III (14, (33) (34) (35) (36) (14, 38) , whereas lactobacilli and E. coli are more dependent on vitamin B12 for growth (39) . Jonas et al. (4) have shown in experimental blind loop syndrome that a protease is elaborated that releases maltase from the brush border. This enzyme activity was most associated with B. fragilis, C. perfringens, and Streptococcus fecalis. These authors found that the proteolytic activity was largely within the bacteria and released by sonication, and removed lactase, sucrase, and alkaline phosphatase as well.
Our studies show that many Bacteroides species secrete protease and that the amount secreted differs for the various Bacteroides species. Moreover, no other bacteria tested (clostridia, E. coli, lactobacilli) secrete a demonstrable protease with activity against brush border enzymes. This protease secreted from Bacteroides behaves like a serine protease, with a specificity akin to elastase, and destroys maltase and sucrase from human brush borders, but has little or no effect on alkaline phosphatase. Thus, the proteolysis has specificity, and pancreatic enzymes did not have a similar effect when given in 50-fold excess. These experiments do not directly prove that the protease detected by the caseinolytic assay is the same enzyme(s) that destroys brush border sucrase and maltase. However, two separate inhibitors, DIFP and Ac(Ala)3Ala-CH2Cl, both inhibit secreted casease (Table III) , and prevent the loss of sucrase (Table V) . Therefore, it seems likely that both measurements of proteolysis were identifying similar proteases.
Bacteroides are often the predominant species in overgrowth areas (14, (33) (34) (35) . The bacterial counts attained in the defined culture suspension approached but did not exceed actual documented counts from overgrowth areas. These counts in fact were less by a factor of 100, compared with the bacterial counts obtained in most patients with overgrowth, yet protease was elaborated even at a density of 107 cells/ml.
Our results indicate that Bacteroides species can synthesize and release protease in vitro and in vivo (Table V) . Protease alone has the ability to destroy disaccharidase activity in the absence of other intestinal luminal factors such as unconjugated bile salts or short-chain fatty acids (8) (9) (10) , which have previously been implicated in small intestinal brush border hydrolase damage. An additional destructive effect by secreted carbohydrases was not demonstrated. However, in vivo these carbohydrases may render the glycocalyceal enzymes more vulnerable to digestive enzymes by removal of the polysaccharide or by digestion of the mucus covering the cell surface (23) . The evidence that the damage of selected disaccharidases in vitro was solely due to the protease in the bacterial cell-free supernate or luminal fluid is supported by the fact that certain protease inhibitors could completely prevent any effect of the protease.
Brush border enzymes are either removed from the surface of the cell and rapidly destroyed (Fig. 2) or destroyed in situ by the action of Bacteroides protease(s). The enzyme activity of the brush border is decreased in vivo (in three patients) as well as in vitro. However, it is not clear how many of the symptoms produced by the stagnant loop syndrome are referable to this abnormality. Perhaps the major deleterious effects ofBacteroides growth are on other brush border proteins or even by a mechanism other than protease productions (e.g., toxin production).
Our conclusions can be summarized as follows. Intestinal Bacteroides species secrete one or more proteases. The amount of secretion is dependent upon the bacterial species and the degree of its growth, which may account for variable resultant damage in areas of overgrowth. The secreted protease alone can destroy human brush border disaccharidase. The potential for destruction by the bacterial protease is much greater than that of the pancreatic proteases in equivalent amounts. Therefore, bacterial proteases can account for the altered brush border enzyme activity seen in human disease. Species other than Bacteroides may also secrete proteases in vivo, but our experiments suggest that Bacterioides species have the capacity to cause brush border damage. Further characterization of the bacterial proteases produced in various disease states may prove helpful in determining the mechanism of damage to the small bowel.
